Abstract. Woodlands comprised of planted, nonnative trees are increasing in extent globally, while native woodlands continue to decline due to human activities. The ecological impacts of planted woodlands may include changes to the communities of understory plants and animals found among these nonnative trees relative to native woodlands, as well as invasion of adjacent habitat areas through spread beyond the originally planted areas. Eucalypts (Eucalyptus spp.) are among the most widely planted trees worldwide, and are very common in California, USA. The goals of our investigation were to compare the biological communities of nonnative eucalypt woodlands to native oak woodlands in coastal central California, and to examine whether planted eucalypt groves have increased in size over the past decades. We assessed site and habitat attributes and characterized biological communities using understory plant, ground-dwelling arthropod, amphibian, and bird communities as indicators. Degree of difference between native and nonnative woodlands depended on the indicator used. Eucalypts had significantly greater canopy height and cover, and significantly lower cover by perennial plants and species richness of arthropods than oaks. Community composition of arthropods also differed significantly between eucalypts and oaks. Eucalypts had marginally significantly deeper litter depth, lower abundance of native plants with ranges limited to western North America, and lower abundance of amphibians. In contrast to these differences, eucalypt and oak groves had very similar bird community composition, species richness, and abundance. We found no evidence of ''invasional meltdown,'' documenting similar abundance and richness of nonnatives in eucalypt vs. oak woodlands. Our time-series analysis revealed that planted eucalypt groves increased 271% in size, on average, over six decades, invading adjacent areas. Our results inform science-based management of California woodlands, revealing that while bird communities would probably not be affected by restoration of eucalypt to oak woodlands, such a restoration project would not only stop the spread of eucalypts into adjacent habitats but would also enhance cover by western North American native plants and perennials, enhance amphibian abundance, and increase arthropod richness.
INTRODUCTION
Human activities have dramatically altered ecosystems over the past centuries (Vitousek et al. 1997) . While cover by natural woodlands has declined globally, cover of planted woodlands is steadily increasing (Rejma´nek and Richardson 2011, Brockerhoff et al. 2013 ). To understand the world's changing biodiversity, it is thus important to characterize the impacts of planted woodlands. These impacts can include changes to biodiversity and ecosystem services, as well as invasion of adjacent habitats, as trees expand beyond the areas where they were originally planted.
Eucalypts (Eucalyptus spp.) are the most widely planted trees in the world, and account for extensive land cover globally (Rejma´nek and Richardson 2011) . They have the potential to dramatically alter ecosystem processes relative to native woodlands, due to their high water usage (Arey et al. 1995) , allelopathic effects (May and Ash 1990, Molina et al. 1991) , and rapid combustion (Agee et al. 1973, Reid and Potts 2005) . Studies in Spain (Basanta et al. 1989 , Calviño-Cancela et al. 2012 and Portugal (Proenc¸a et al. 2010 ) have detected lower biodiversity; studies in China (Wang et al. 2011 ) have documented altered community composition of eucalypt plantations compared to other vegetated habitats. In California, USA, eucalypts are very common (Robles and Chapin 1995) . In particular, Eucalyptus globulus 4 E-mail: skfork@gmail.com Labill. (Tasmanian bluegum), a native of Tasmania and southeastern Australia, was introduced into California in 1856 and in this state now ranges from Humboldt County in the north to San Diego County in the south, as well as east into the Sacramento and San Joaquin Valleys (Hickman 1993) . While some large, extensive plantations exist, many eucalypts in California are found in small patches, planted to dry wetlands or to provide shade or windbreaks (Ritter and Yost 2009) . In general, biodiversity and ecosystem services provided by planted forests are lower than those of natural forests. This effect appears to be strongest in extensive monocultures; mixed forests or planted trees in a varied habitat mosaic may harbor greater biodiversity (Brockerhoff et al. 2013) . Despite the ubiquity of eucalypt woodlands in California, few studies have been conducted to examine the potential consequences to ecological communities of this nonnative plant species. Keane and Morrison (1990) found significant differences in community composition (lower arthropod abundance and bird diversity) in eucalypt vs. native woodlands. An anecdotal report (Williams 2002) suggested that plant and bird communities were impoverished in eucalypt woodlands. Sax (2002) found that while community composition differed significantly, richness of various taxa was similar in eucalypt vs. native woodlands in the San Francisco Bay area. There is thus substantial uncertainty about the effects of eucalypts on California biodiversity.
One goal of our investigation was to characterize differences in biodiversity in eucalypt vs. native woodlands in central California (see Plate 1). We conducted this study in the Elkhorn Slough watershed of coastal central California, where native woodlands are comprised of Quercus agrifolia Nee (coast live oak). We characterized understory plants, ground-dwelling arthropods, amphibians, and birds within eucalypt vs. oak woodlands. Sampling multiple taxa provides a richer understanding than does focusing on a single taxon (Johnson et al. 2006 , Zampella et al. 2006 , Diffendorfer et al. 2007 . At a glance, stark differences in the physical structure of eucalypt and oak woodlands are evident, and understory plant cover is sometimes much lower in eucalypt groves (Fig. 1) . We thus predicted that eucalypt woodlands would harbor significantly different ecological communities, with lower species richness. Given the potential for eucalypts to alter physical conditions in ways that native species would not be adapted to, we also predicted that numbers and abundance of nonnative species would be higher in eucalypt than oak groves, providing an example of ''invasional meltdown'' (Simberloff and Von Holle 1999), where invasive species facilitate and aid the establishment, spread, and/or impact of other nonnative species.
Another goal of our investigation was to examine whether eucalypts have spread beyond the area in which they were originally planted, as another dimension of understanding their ecological impacts in the Elkhorn watershed. Eucalypts in general are considered relatively noninvasive, with little spread beyond initial planting areas (Rejma´nek and Richardson 2011 ), but we have frequently observed saplings on the outside of established groves, so we predicted that eucalypts in this region had successfully invaded habitat surrounding planting areas.
Understanding biodiversity effects of nonnative trees and rates of spread beyond planted areas can inform land management and restoration strategies, regionally and locally. In the study area, ;3240 ha of the small Elkhorn Slough watershed (18 210 ha) are managed for conservation by public and private landowners. These landowners include the Elkhorn Slough Foundation, the California Department of Fish and Wildlife, California State Parks, the Agricultural and Land-based Training Association, and the Elkhorn Ranch. These landowners are managing their lands for multiple objectives, including conservation and restoration of native plants and animals. One eucalypt woodland in the study area has been removed, with successful restoration to oak/ shrubland, and several other eucalypt-removal projects are under consideration. Improved understanding of potential invasiveness and of habitat value of eucalypt groves for native understory plants and animals will inform future decision-making regarding eucalypt removal (Westman 1990 ).
METHODS

Oak and eucalypt ecosystems in Elkhorn Slough watershed
The habitat types in the Elkhorn Slough watershed include woodland, riparian corridor, coastal scrub, grassland, maritime chaparral, and agricultural lands. Woodlands occupy ;26% of the watershed. Q. agrifolia (referred to hereafter as oak) covers 689 ha, and E. globulus (referred to hereafter as eucalypt) covers 613 ha. Because some of the oaks were cleared for agriculture, firewood, and other human activities in the watershed beginning in the 1800s (Scharffenberger 1999) , many of the oak and eucalypt woodlands are now of comparable age.
Study sites and sampling design for habitat value investigation
We examined six oak and six eucalypt woodlands in the Elkhorn Slough watershed. Aerial imagery and field visits were used to select the principal oak and eucalypt woodlands that were used in our study. Study sites were located on the Elkhorn Slough National Estuarine Research Reserve and surrounding watershed (n ¼ 6 sites for each habitat type; Appendix A). The reserve, located 110 km south of San Francisco, California (36849 0 N, 121844 0 W), covers ;685 ha. Three of the eucalypt sites were located on the reserve and were selected because managers requested information about eucalypt habitat use to prioritize removal efforts. Three nearby oak sites were chosen for comparison. Two other oak and eucalypt sites were each located on land protected for conservation purposes; still another oak site and eucalypt site were located on private property. Originally, we considered a paired design for statistical analysis, using paired t tests to examine differences between nearby pairs of oak and eucalypt woodlands. However, exploratory analyses (ANOVA using site and tree species as factor) revealed no effect of site, so we treated each of the six sites as independent replicates.
At each site, field data were collected within a ;1-ha area, with much of the sampling occurring along a 30-m transect. The transect was located approximately in the center of small woodlands, and at these sites, transect ends were only ;10 m from the woodland edge. To make sampling similar in larger woodlands, such that edge effects were comparable across replicates, we located ends of transects ;10 m from woodland edges in all woodlands (rather than locating transects in the centers of the larger woodlands). The study began in 2004 with sampling of arthropod communities at these twelve sites and was supplemented in 2011 by sampling of plant, amphibian, and bird communities. Finally, in 2012, we assessed habitat and general characteristics of the sites. We describe the sampling in this study topically rather than chronologically.
Characterization of site and habitat attributes
We characterized six site attributes: aspect, slope, soil type, woodland size, and age. We derived aspect and slope from National Elevational Dataset 10-m 7.5-minute quad using ArcGIS10 Spatial Analyst (ESRI, Redlands, California), and soil type from the Natural Resources Conservation Service digital soil survey (USDA 2009). We calculated woodland size from a recent habitat map of the watershed (E. Van Dyke, unpublished data), and woodland age from historical maps and aerial photographs. The habitat attributes examined for this study were those that might account for differences in animal or plant communities: tree density, tree size category, tree height, canopy cover, and litter depth. Mean density of tree trunks was summed within a ;1-ha area laid out inside transect tapes, and divided by exact area. This 1-ha area encompassed the 30-m transect used for other field sampling. Density and size of all trunks and branches at breast height (1.37 m) was assessed using four size classes. For maximum woodland tree height, we averaged the height of the three tallest trees within the hectare as estimated with an optical clinometer. For canopy cover, we estimated mean percent cover by looking upward through an ocular tube every 2 m along the 30-m transect. Litter depth was calculated as the mean of measurements taken at five randomly generated points along the transect.
Characterization of plant and animal communities
Plants.-For each woodland, field data were collected in March and April 2011 along the 30-m transect. We assessed relative abundance of plants in each woodland by taking a point intercept every 50 cm along the transect. Plants were identified using regional field guides (Hickman 1993 , Matthews 1997 , and were categorized by life cycle (annual, perennial) and natural range (native to western North America, including central California; native to broad regions beyond western North America; nonnative to central California; Jepson Flora Project 2013 , Calflora 2015 .
Arthropods.-Arthropod assemblages were sampled by pitfalls in June 2004. In each woodland, three samples were taken near the center of the same transects used to sample plants, and two past the ends of the plant transect, near the edge of the woodlot (within 2-3 m), with the intention of comparing between these center and edge arthropod samples. Since there was no significant difference in community indices or composition between center and edge, the five pitfall traps were pooled to increase sample size. Pitfall traps were spaced at least 5 m from each other, giving six pitfall samples from each of the oak and eucalypt woodlands. Pitfall traps characterize the surface active, ground-dwelling component of an arthropod community (Moeed and Meads 1985 , Samways et al. 1996 , Crisp et al. 1998 , Pik et al. 2002 . The opening of each pitfall trap, measuring 75 mm deep with a 54-mm mouth diameter, was screened by 6.4-mm mesh hardware cloth. The lip of each trap was placed flush with the ground, and each trap contained 40-60 mL propylene glycol. Traps, retrieved after one week of sampling, collected a total of 4019 individuals.
Arthropods were identified to species or morphospecies using key regional references (Borror and White 1970 , Powell and Hogue 1979 , White 1983 , Borror et al. 1989 , Arnett and Thomas 2001 , Arnett et al. 2002 . Araneae, Acari, and Collembola were not identified below order. Voucher specimens were deposited at Elkhorn Slough National Estuarine Research Reserve. Arthropods sampled in this study appear to be mostly native, with the exception of isopods (Jass and Klausmeier 2000) , Linepithema humile Mayr (Argentine ant), and earwigs. Establishment of other nonnative arthropods outside strictly urban and agricultural areas has not been widely documented in California (Powell and Hogue 1979 , Hogue 1993 , Longcore 2003 , so we assume the majority of other arthropods detected in this study were native.
Arthropod richness (species or morphospecies) and abundance (of all native and nonnative species) were determined for each of the samples. Additionally, each individual arthropod was allocated to one of five trophic categories: predator, parasitoid, herbivore, saprophage (includes fungivores), or mixed (those species whose feeding habits span more than one category), based on information from various sources (Borror and White 1970 , White 1983 , Borror et al. 1989 , Arnett and Thomas 2001 , Arnett et al. 2002 .
Amphibians.-Amphibian surveys were conducted during the same field visits as understory plant surveys, along the same 30-m transect lines. The ground throughout 5 m on each side of the transect line (thus a 10-m swath) was thoroughly searched for woody debris greater than 5 cm in diameter or other potential cover objects. These objects were carefully rolled, and the area underneath them was searched for amphibians. All individuals were counted and identified to species.
Birds.-We conducted bird surveys in early March, late March, and early May 2011 to detect migrants and breeders. For each survey, we stood near the center of the 30-m transect, in the same area where arthropod samples were taken. We estimated a 50-m radius around this point and assessed the birds within this ;7850-m 2 area. Counts were made between 1 and 3 h after sunrise, on days with low wind and no precipitation. After arriving at the center of the woodland, we waited 1 min and then counted for 5 min. All birds detected during this period within the 50-m radius were noted. For each such species, we estimated number of individuals and noted any clear signs of local reproduction (singing, courtship displays, nest visits).
To calculate species richness per site, we counted all species that had been observed per site (across the three surveys). To calculate each species' abundance, we took the mean of the three surveys per site for each species. To calculate the total bird abundance per site and the native and nonnative abundance, we summed abundances in these categories for each site. Trophic categories (granivore, insectivore, omnivore) were also assigned (Ehrlich et al. 1988 , Lussier et al. 2006 , Robson et al. 2009 ).
Statistical comparisons between oak and eucalypt habitat
Univariate tests.-We used a t test to test for differences between eucalypt and oak woodlands (using site as replicate, n ¼ 6) for all measured site, habitat, and biological attributes. We used a chi-square to test for differences between oak vs. eucalypt woodlands for nominal variables with more than two categories (site aspect and slope) and Fisher's exact test for differences between woodlands for nominal variables with two categories (bird reproduction, unique species). We used multiple univariate analyses without a correction such as the Bonferroni test because we sought to increase our ability to detect differences between the woodland types despite limited replication (n ¼ 6) and considerable variation in grove size and age. For all statistical tests, results were considered significant at P , 0.05, marginally significant at P , 0.1.
Nonmetric multidimensional scaling to examine community composition.-To assess how taxon assemblages varied by woodland type, we used several multivariate techniques with the program Primer v.6 (Clarke and Gorley 2006) . Nonmetric multidimensional scaling (NMDS) ordination techniques compared community composition among plant species. The reported stress value indicates how well the NMDS plot represents the relationships between woodland types; stress values less than 0.2 indicate accurate visual representation of differences between treatments (Clarke and Gorley 2006) . These analyses for plants, arthropods, birds, and amphibians were based on Bray-Curtis resemblance matrices, as recommended for biological data (McCune and Grace 2002) . Abundance data for all taxa were square-root-transformed to reduce the effect of highly abundant species on the results. Using the same resemblance matrices, we used analysis of similarity (ANOSIM) to test for statistical differences among each species group, and similarity percentages (SIMPER) to determine which taxa contributed most to observed dissimilarities between groups when a statistical difference was detected (Clarke and Gorley 2006) .
Time series to examine spread of planted eucalypts
Historic aerial photographs.-We obtained, converted to digital format, georectified, mosaiced, and interpreted four aerial photograph flights taken between 1931 and 2001. Table 1 lists the aerial photographs used in this study.
We scanned aerial photographs at resolutions selected to yield pixels of ;0.6 m after rectification. Mosaics were assembled by extracting only the least-distorted effective area from the overlapping photographs of each flight. Effective areas were identified using the proximity function of the ArcView GIS Spatial Analyst extension. To minimize distortion, individual photographs were resampled using the plane projective model to ground control points selected near the perimeter of each identified effective area. Ground control points were obtained from recent 0.6-m pixel digital orthophotographs. Rectification and resampling were performed using TNT Mips (MicroImages, Lincoln, Nebraska, USA). Mosaics were then assembled from a cut-line template using TNT Mips.
Habitat mapping.-We interpreted aerial photographs to characterize the sequence of eucalypt changes in the region. The study area was limited to the Elkhorn Slough watershed, and analysis focused on six regions with the largest stands, comprising ;50% of the watershed's eucalypt cover (Appendix B). Beginning with the 2001 imagery and working backward through earlier aerials, we developed a GIS layer for each time period, digitizing polygons delineating eucalypt groves within the six regions. Interpretation of older, black and white imagery was more difficult than for the true color and infrared aerials, but we found that eucalypts tend to have a distinctive texture and they result in diagnostic shadows. Digitizing was performed using ArcView GIS.
In 2004, to assess the accuracy of our interpretation of eucalypts from aerial photographs, we visited the locations that we selected for spatial assessment and compared ground-truth observations with our interpretation of the 2001 aerials. Field observation and photo interpretation matched exactly. We conducted repeated measures ANOVA to determine whether the changes in eucalypt cover over time were significant.
RESULTS
Comparison between eucalypt and oak habitats
Site and habitat differences.-There were no significant differences between eucalypt and oak woodlands for any site attribute ( Table 2 ), indicating that any differences observed in habitat or biological attributes should be due to differences between tree species themselves. In terms of habitat attributes, there were also no significant differences in density of tree trunks or in trunk diameter. However, there were significant differences in three habitat attributes. Tree height was significantly greater in eucalypt woodlands, while canopy cover was lower. Litter depth was marginally significantly greater in eucalypt woodlands.
Synthesis of species detected.-Appendix C lists all the species detected in our investigation. Overall, a total of 30 species of plants, 117 species (or morphospecies) of arthropods, three species of amphibians, and 45 species of birds were found. Of the 195 total species found, 47 were found only in eucalypt and 77 were found only in oak woodlands. Most of these unique species were rare, detected in one or two woodlands, so their absence in one type of woodland or the other in our studies is not definitive. However, 54% of arthropod species found in oak groves were limited to oak groves vs. 36% for eucalypts, a difference that was significant (P ¼ 0.04, Fisher's exact test). Differences in proportion of unique species were not significant for the remaining taxonomic groups. We further examined these data to determine how many species that were relatively common in one woodland type (present in three or more out of six sites) were absent from the other. For understory plants, coast live oak saplings were detected in three oak woodlands and no eucalypt woodlands; common bedstraw (Galium aparine) was detected in three eucalypt woodlands and no oak woodlands. For arthropods, Promecognathus laevissimus, Ceraphronidae sp. 1, Cicadellidae sp. 1, and Phygadeuontinae sp. 2 were each found in three or more oak woodlands and no eucalypt woodlands. For birds, Cedar Waxwings (Bombycilla cedrorum) were detected in three eucalypt woodlands and no oak woodlands. Total species richness and native abundance.-For plants, species richness did not differ significantly between eucalypt and oak woodlands (Table 3) . Abundance of natives limited to western North America was marginally significantly higher in oaks, while conversely abundance of natives with broader ranges was marginally significantly higher in eucalypts (Table 3) .
For arthropods, species richness was significantly lower in eucalypt than oak woodlands (Table 3) , while native abundance did not differ significantly. For amphibians, richness was not significantly different between tree species (only three species were found). Abundance of native amphibians was marginally signif- Notes: For the first two parameters, aspect and soil type, chisquare tests were carried out (but for mean aspect, we show percentage south facing as a quantitative summary). Soil type was categorized into five types. For the remaining parameters, t tests were performed. * P , 0.05; P , 0.1.
icantly lower in eucalypts (Table 3) . For birds, neither species richness nor native abundance differed among habitat types, although the mean value for each one was somewhat higher in eucalypt woodlands (Table 3) .
There was large variation among sites (within and between woodland types) in these community indices (Fig. 2) . For virtually every parameter, some sites had at least twice the richness or native abundance as others. FIG . 2. Species richness and native abundance of the four surveyed taxa across 12 sites: eucalypt sites (E1-6) and oak sites (O1-6). Site numbering is as in Appendix A. Native abundance for plants is the mean percent cover by all native species combined for each site. For arthropods, all native individuals from all five traps per site were summed. For amphibians, total native individuals counted per site are shown. For birds, native abundance was calculated as the mean number of native individuals seen per survey at each site.
For plants, this variation between sites was especially pronounced: richness varied between two and 11 species at different sites, and native abundance varied between 0% and 90% (Fig. 2) .
Nonnative species.-In total, we detected 11 nonnative species in eucalypt groves, and nine in oak groves. Most of the nonnative species were understory plants. Abundance of nonnative understory plants was similar in eucalypt and oak groves (Table 3) . Since we had detected many nonnatives, we conducted an additional t test to compare nonnative plant richness in woodland types. There were a mean of 1.5 vs. 0.83 nonnative species per transect in eucalypts vs. oaks, but this difference was not significant (P ¼ 0.46).
For arthropods, nonnative abundance was significantly lower in eucalypt vs. oak woodlands (Table 3) . The isopod Armadillidium vulgare accounted for this difference. No nonnative amphibians were detected. Only two nonnative birds were detected; while they were more abundant in eucalypt groves, abundance of nonnatives was not significantly different between woodland types.
Community composition.-Our multivariate community analyses using ANOSIM found no significant difference between the plant, amphibian, or bird communities found in eucalypt vs. oak woodlands, although plant communities showed some separation (Fig. 3) . Arthropod communities were significantly different between the two woodland species, with the following taxonomic groups contributing more than 3% of individual differences (and 26% combined contribution) in a SIMPER analysis: Sciaridae sp. 1 (darkwinged fungus gnats), Collembola spp. (springtails), Linepithema humile (Argentine ants), Hypherpes sp. 1 (carabid beetle), Ceuthophilus califorianus (camel crickets), and Acari spp. (mites).
Additional analyses by key categories.
-For plants, we tested for differences in abundance of contrasting life histories. We found that abundance of perennial plants was significantly greater in oaks while abundance of annuals was marginally significantly higher in eucalypts (Table 3 ). For arthropods, we examined trophic modes. We found that herbivores were significantly less abundant in eucalypt vs. oak woodlands (Table 3) , while the remaining feeding groups (predators, parasitoids, saprophages, and mixed) did not show significant differences. For birds, we also examined feeding guilds, and found that granivores were significantly more abundant in eucalypt than oak woodlands, while abundances of insectivorous and omnivorous birds were similar in eucalypt and oak woodlands (Table 3) . We also determined how many species of birds showed evidence of reproduction in each woodland type, and found no significant difference (Table 3) . FIG. 3 . Nonmetric multidimensional scaling ordination diagrams of data of species of (a) plants, (b) arthropods, (c) amphibians, and (d) birds in oak (triangles) and eucalypt (squares) woodlands, across 12 sites (see Fig. 2 ). A stress level (R) of ,0.2 indicates a useful representation, ordinations significant at P , 0.05, marginally significant at P , 0.1.
Eucalypt time series
The six sampled regions all experienced increases in eucalypt grove size between 1931 and 2001, with all groves doubling to tripling during that period (Fig. 4 , Appendix D), and a mean rate of expansion of 271%. Five out of the six sampled areas saw increases in grove size during every period; one area stabilized after the first period, and did not expand after 1956. Repeated measures ANOVA indicated that the temporal expansion of eucalypt groves was significant (P ¼ 0.0008).
DISCUSSION
Differences between nonnative eucalypt and native oak communities
Biodiversity of planted vs. natural forests is often significantly different (Keane and Morrison 1990 , Wang et al. 2011 , Brockerhoff et al. 2013 , and in central California, planted eucalypt woodlands show some clear contrasts with native oak woodlands. For plants, abundance of species limited to western North America was more than double in oaks while abundance of native species with broader distributions (all of North America or even beyond) was an order of magnitude higher in eucalypts, with both differences marginally significant (Table 3) . Abundance of perennials, including ferns and shrubs, was more than doubled in oaks while abundance of annuals was an order of magnitude higher in eucalypts, differences that were significant and marginally significant, respectively (Table 3 ). These differences may be the result of greater dispersal abilities of annuals and plants with very broad distributions, or of their greater tolerance to allelopathic effects of eucalypts (Delmoral and Muller 1969 , May and Ash 1990 , Molina et al. 1991 .
Arthropods showed the most pronounced differences between planted vs. natural woodlands. Richness of arthropods was lower in eucalypts than oaks (Table 3) . Eucalypt woodlands also supported fewer rare arthropod species; 24 species were found only in eucalypt woodlands vs. 50 only in oak woodlands (Appendix C).The analysis of trophic groupings revealed that arthropod herbivores were more prevalent in oak than eucalypt woodlands (Table 3) duced palatability of eucalypts (Rapley et al. 2007 , Freeman et al. 2008 . In contrast, Sax (2002) detected comparable richness of leaf-litter invertebrates in eucalypt vs. native woodlands in the nearby San Francisco Bay region, so this result may depend on site characteristics (e.g., his urban vs. our rural setting), woodland size (ours were larger), or specific sampling methods (e.g., he identified mites to species and found many in eucalypt groves, while we lumped them). Community composition of arthropods also differed significantly between eucalypt and oak woodlands (Fig.  3) in our study, which was similar to the finding of Sax (2002) .
Abundance of native amphibians was marginally significantly lower in eucalypts, (Table 3) . This concurs with an earlier study suggesting that numbers of pondbreeding amphibians can remain constant or even increase in secondary growth or eucalypt plantations, but terrestrial forest breeders decline (Vallan 2002). We found that while pond-breeding Pacific chorus frogs (Pseudacris regilla) occurred in similar numbers in eucalypt and oak woodlands, terrestrially breeding salamanders were three times more common in oak woodlands. By contrast, others have found greater salamander abundance in eucalypts (Keane and Morrison 1990) .
Similarity in community indices and composition
While we detected some significant differences between biological communities of eucalypt and oak woodlands, a surprising number of the community indices examined were similar between woodland types. Plant richness, arthropod native abundance, bird richness, and bird native abundance all did not differ significantly between eucalypts and oaks. For the plants and arthropods, the trends were in the predicted direction (lower in eucalypt), but high variance among groves (Fig. 2) resulted in low power; we suspect that additional replication would reveal differences between woodland types. For birds, however, variance was not so high, and trends were actually in the opposite direction as predicted (abundance and richness were higher in eucalypt), so it appears we can reject the hypothesis (Williams 2002 ) that bird communities are diminished in eucalypt groves. The similarity in plant and bird richness between eucalypt and native woodlands mirrors the findings of Sax (2002) for a nearby region of California. Investigations of other systems have also shown similarity between native and nonnative woodlands in terms of richness of understory plants (Michelsen et al. 1996) and birds (Mitra and Sheldon 1993, Garcia et al. 1998) . However, some studies have found differences in community indices between woodland types. Plant understory and bird richness were PLATE 1. Maturing oak grove (2015) in a site formerly occupied by eucalypts. Eucalypts were removed in the early 1990s; oaks planted in the following years. A eucalypt stump is still visible in the foreground, with a naturally recruiting oak sapling to its left. Photo credit: A. Woolfolk. lower in eucalypt plantations than in native woodlands or shrublands, as found in studies from California (Keane and Morrison 1990) , as well as from Spain and Portugal (Basanta et al. 1989 , Proenc¸a et al. 2010 , Calviño-Cancela et al. 2012 , and China (Wang et al. 2011) .
Our multivariate analyses of community composition also showed that largely overlapping communities of plants and animals inhabit the two types of woodlands (Fig. 3) , with few species common in only one woodland type (Appendix C). This general similarity in biotic communities was unexpected, given the visually conspicuous differences between the woodland types ( Fig.  1 ) and the dramatically taller canopy height, lower canopy cover, and thicker leaf litter we quantified in our comparisons between woodlots. Moreover, eucalypts differ from oaks in their propensity for intense fires (Agee et al. 1973 ) and high groundwater usage (Fritzsche et al. 2006 , Rodriguez-Suarez et al. 2011 , canopy architecture (Hickman 1993, Stuart and Sawyer 2001) , and chemistry (Delmoral and Muller 1969 , Evans et al. 1982 , Molina et al. 1991 , Arey et al. 1995 , Robles and Chapin 1995 . It appears that eucalypts may be altering ecosystem function more dramatically than biodiversity. This is similar to a recent study which found that ecosystem engineering by an invasive species (American beaver [Castor canadensis] in Tierra del Fuego) strongly altered landscape-level ecosystem function but not landscape biodiversity (Anderson et al. 2014 ).
Degree of difference in biodiversity between native and nonnative woodlands may depend on spatial scale. We focused on relatively small groves, because these are typical on the conservation lands in the Elkhorn watershed, and one direct motivation of our study was to inform decisions about removal of these particular eucalypt groves by local land managers. The center of these groves is never far from an edge and thus adjacent habitat types surely exerted a strong influence on biodiversity. We suspect that stronger signals of eucalypts' effects on biological communities would be obtained by comparisons of sites deep within large eucalypt vs. oak woodlands (Brockerhoff et al. 2013) . In our study, we also observed large differences between eucalypt sites that were former plantations (with a high density of trunks of fairly small diameter; Fig. 1a ) and those that were planted as windbreaks or to dry adjacent wetlands (with a low density of trunks of larger diameter). Our sampling design and replication did not allow for a formal analysis of this difference, but comparison of the two plantation woodlands (sites E1, E2) vs. the three non-plantation woodlands (E3-5) reveals strong differences (Fig. 2) . The plantation woodlands were entirely missing amphibians, had lower abundance of arthropods and birds, and showed lower richness of birds. Thus results of studies comparing centers of large eucalypt plantations to centers of large natural oak woodlands would likely reveal stronger differences between woodland types than those reported here.
Invasional meltdown
Our results provide no evidence in support of the ''invasional meltdown'' hypothesis (Simberloff and Von Holle 1999) . In none of the four taxa we sampled was abundance of nonnative species greater in association with the nonnative tree type (Table 3 ). The only significant difference in nonnative abundance between woodland types was found for arthropods, and it was in the reverse direction as predicted: nonnatives (Argentine ants and pillbugs) were more abundant in the native oak groves. The total richness of nonnative species was also similar in the woodland types (11 in eucalypt and nine in oak; Appendix C). Thus, introduction of eucalypt does not seem to have facilitated extensive establishment or proliferation of nonnative species in these central California woodlands. Given the potential for eucalypt to alter ecological conditions, we had thought this might be a fruitful case study in which to detect facilitation of nonnative species by one dominant invader. But compelling community evidence for the invasional meltdown hypothesis remains elusive (Simberloff 2006) .
Contrasts between indicators
We used four taxa to determine the effects of the dominant tree species on biological communities. Each taxon yielded different results, suggesting that there is no single indicator that can be used to inform managers about habitat value. Indeed, the two most thoroughly sampled taxa revealed opposite patterns: arthropod communities differed between oak vs. eucalypt woodlands, while birds did not. Had we sampled only arthropods, or only birds, we would have reached very different conclusions. Instead, our multi-taxon approach led to a more nuanced characterization of the effects of eucalypt on ecological communities.
Three of the taxa (plants, amphibians, birds) could be identified and counted in the field. In terms of ease and speed of sampling, we recommend these as indicators. However, the greatest number of significant differences between the habitats was revealed by the arthropods (richness, nonnative abundance, and community composition), which required extensive sorting, identification, and counting in the laboratory.
How taxa differ in response to native vs. nonnative woodlands may be accounted for in part by mobility. Bird communities were the least affected by dominant tree identity. Many bird species have large home ranges, moving daily between woodlands and adjacent grasslands and between different woodlands. Thus, birds are not wholly dependent on the woodlands; for example, we observed an Oak Titmouse (Baeolophus inornatus) that visited a nest cavity in a eucalypt woodland but flew to a nearby oak tree to forage. On the other hand, plants species must meet all their needs where they are rooted.
Amphibians and many arthropods are intermediate between these extremes of mobility.
Expansion of eucalypt groves
Eucalypts are considered relatively noninvasive, with limited reproduction and expansion outside their native range (Rejma´nek and Richardson 2011) . In California, eucalypt regeneration was considered to be limited primarily to disturbed or flood-prone areas where bare ground dominates (Kirkpatrick 1977) . We have documented striking expansion of eucalypt groves in the Elkhorn watershed over the course of six decades, with all six studied groves doubling or tripling in size relative to original planted areas (Fig. 4) . The one grove that did not continue to expand after the 1950s was known to have been actively managed by landowners to prevent expansion into a feedlot and past property lines. Indeed, the mean 271% rate of expansion observed for the six groves is certainly an underestimate of potential spread, because most of the groves were probably subject to some management efforts by landowners over this period. While the rates of expansion we observed are not rapid compared to some invasive species, they certainly represent invasion of a planted species into adjacent habitat. In these areas, eucalypt control efforts can protect nearby habitats from conversion to nonnative woodlands. Eucalyptus globulus is known to reproduce successfully in coastal California (Ritter and Yost 2009) , but is often considered to spread little beyond plantings. It is possible that the coastal fog of central California provides conditions that facilitate reproduction and spread. We certainly continue to see evidence of successful reproduction and spread of seedlings beyond the boundaries of eucalypt groves (Fig. 5) .
Guidance for restoration
Decisions about which nonnative species to focus on for control or removal can be complex and involve trade-offs. Accordingly, there is growing recognition that nonnative species management should be informed by invasion biology research that examines the impacts of established nonnative species in a system relative to a range of conservation goals, including biodiversity, ecosystem function, and resilience (Shackelford et al. 2013) .
Our results suggest that the habitat value of small native oak and nonnative eucalypt woodlands in central California is not as different as might be expected, with considerable overlap in community composition. Avian communities in particular demonstrated no negative responses to eucalypts: while neither richness nor abundance was significantly different between woodlot types, they were both higher in eucalypt groves, as was abundance of one trophic category (granivores). Birds appear to use eucalypt woodlands for reproduction; for instance, even in our short surveys, we observed titmice entering nest cavities and hummingbirds performing courtship displays. We also observed active foraging along eucalypt trunks, for instance by Brown Creepers (Certhia americana), Stellar's Jays (Cyanocitta stelleri ), and Nuttall's Woodpeckers (Picoides nuttallii ). So our study provided no support for the contention that eucalypt woodlands are poor sites for birds (Williams 2002) . This is one important consideration for management of conservation lands; visitors to nature reserves such as the Elkhorn Slough Reserve are drawn in part by birdwatching opportunities (Kildow and Pendleton 2010) .
However, our results revealed that other metrics of biodiversity were significantly affected by eucalypt planting and spread in this watershed. Our data suggest that land managers could enhance abundance of native understory plants, particularly perennials and species with ranges limited to western North America, as well as amphibian abundance and arthropod richness through restoration of oak groves at sites currently occupied by eucalypt groves. Removal of a dominant nonnative tree is in itself a common goal of land managers seeking to conserve and restore native habitat types. Moreover, our data (Fig. 2) suggest that the potential for dominance by native plant species in the understory is much greater in oak than eucalypt groves, with some oak groves supporting as much as 92% cover by natives, in contrast to the maximum of 47% observed in eucalypt groves. In highly invaded California landscapes, such differences in potential for native plant dominance may provide a strong rationale for eucalypt removal followed by oak restoration. Our results documenting invasion of adjacent habitats through expansion of planted eucalypt groves also highlight the importance of considering restoration or control strategies in this region.
